Gravitational waves and electromagnetic radiations from a neutron star merger have been observed for the first time on 17 August 2017. Multiband observations on the optical transient have identified brightness and spectral features broadly consistent with theoretical predictions. According to the theoretical model, the optical radiation from a neutron star merger originates from the radioactive decay of unstable nuclides freshly synthesized in the merger ejecta. The ejecta transits from an initial optically thick state to an optically thin state in about a day or so, due to its subrelativistic expansion. Hence, we expect that a few days after the merger, the gamma-ray photons produced by radioactive decays start to escape from the ejecta and make it bright in the MeV band. Detection of such radioactive gamma-ray emissions is important for understanding the physics of neutron star mergers and the nucleosynthesis of heavy elements in the universe. In this paper, we study the features of the radioactive gammaray emission from a neutron star merger, including the brightness and the spectrum, and discuss the observability of the gamma-ray emission. We find that about 94% of the radiated gamma-ray energy is carried by photons in 0.2-4 MeV. For an ejecta with an expansion velocity V 0.2c, where c is the speed of light, a prominent pair annihilation line is present in the spectrum, which occupies about 3-5% of the total gamma-ray energy flux. For an ejecta with V 0.3c, strong line broadening due to the Doppler effect makes the annihilation line less obvious and a more smooth spectrum is produced. For a merger event similar to GW170817, the gamma-ray emission attains a peak luminosity ≈ 2 × 10 41 erg s −1 at ≈ 1.2 day after the merger, and fades by a factor of two in about two days after the peak. Such a source will be detectable by Satellite-ETCC if it occurs at a distance 12 Mpc.
INTRODUCTION
Mergers of double neutron stars, or a neutron star and a stellar mass black hole, have long been expected to occur in the universe with a rate estimated to be several orders of magnitude lower than the supernova rate (Narayan et al. 1991; Phinney 1991; van den Heuvel & Lorimer 1996; Bloom et al. 1999) . Three major transient observable phenomena have been predicted to arise from a neutron star merger (a neutron star-neutron star merger, or a neutron star-black hole merger): a gravitational wave signal (Clark & Eardley 1977; Thorne 1987 ), a short gamma-ray burst (Goodman 1986; Paczyński 1986 Paczyński , 1991 Eichler et al. 1989; Popham et al. 1999; Berger 2014 , and references therein), and a UV-optical-NIR (UVOIR, henceforth) transient powered by the radioactive ⋆ E-mail: lxl@pku.edu.cn decay of unstable heavy elements freshly synthesized in the merger ejecta (Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005; Metzger et al. 2010; Roberts et al. 2011; Kasen, Badnell & Barnes 2013; Tanaka & Hotokezaka 2013; Grossman et al. 2014; Kasen, Ferández & Metzger 2015; Metzger 2017; Rosswog et al. 2017; Wollaeger et al. 2018; Tanaka et al. 2018 , and references therein). In addition, mergers of neutron stars have been proposed to be a major site for nucleosynthesis of heavy and rare elements in the universe like gold and platinum (Lattimer & Schramm 1974 , 1976 Lattimer et al. 1977; Freiburghaus, Rosswog & Thielemann 1999; Korobkin et al. 2012; Bauswein, Although the above mentioned three observable phenomena have been firmly predicted for decades and gammaray bursts (GRBs) have been observed for more than half a century, mergers of neutron stars have not been directly detected until 17 August 2017 after the joint detection of GW170817 and GRB170817A, and the identification of an optical counterpart SSS17a/AT2017gfo (Abbott et al. 2017a,b; Goldstein et al. 2017; Savchenko et al. 2017; Coulter et al. 2017; Siebert et al. 2017; Valenti et al. 2017 ). The gravitational wave signal was consistent with being produced by binary stars with component masses between 0.86 and 2.26 M⊙, in agreement with the masses of known neutron stars. In the region of GW170817 on the sky (28 deg 2 jointly determined by Advanced LIGO and Advanced Virgo), a short gamma-ray burst of duration ≈ 2 s, GRB170817A, was detected by Fermi/GBM and INTEGRAL/SPI-ACS 1.7 s after the coalescence time. About 10.87 hr later, an optical transient SSS17a/AT2017gfo was detected in the region of GW170817/GRB170817A, which occurred in the outskirts of NGC4993 at about 40 Mpc. This distance agrees with the distance of GW170817 determined by the gravitational wave signal alone, which is 40 +8 −14 Mpc. The possibility of being a supernova or the GRB afterglow for the optical transient was quickly excluded. The UVOIR spectra of SSS17a/AT2017gfo do not have any typical supernova feature. Attempt to spectrally classify the source using the Supernova Identification Code failed to get a good match, even using an expanded template set (Troja et al. 2017 ). The luminosity and spectra evolved much faster than that of a supernova. For instance, the rband brightness of the source declined by 1.1 mag from the peak in one day (Valenti et al. 2017 ). The X-ray and radio emissions were not detected until nine days and two weeks, respectively, after the burst of gravitational waves and are consistent with the GRB afterglow emissions from an off-axis jet (Troja et al. 2017; Hallinan et al. 2017; Alexander et al. 2018; Margutti et al. 2018 ). The afterglow emissions in the UVOIR range interpolated from the observed X-ray and radio emissions are much fainter than the observed emissions (Pian et al. 2017; Troja et al. 2017; Shappee et al. 2017 ). The spectra of the transient in the early epoch ( 3.5 day) can be well fitted by blackbodies, while the afterglow spectra of GRBs are usually highly nonthermal.
On the other hand, the observed transient has all the features predicted for neutron star mergers: (1) The emissions are in the UVOIR range, and are characterized by blackbody radiations in the early time; (2) The peak luminosity is in the supernova range (although in the faint end) and occurs at a time ∼ 1 day after the merger; (3) Both the luminosity and spectra evolve rapidly with time, fading and reddening on a timescale of days. Hence, the optical transit SSS17a/AT2017gfo is clearly identified as a radioactive glow of a neutron star merger, i.e., a kilonova or macronova as often called in the literature. In the early epoch ( 2 day after the merger), the observed spectra are dominated by strong thermal UV-Optical emissions, with the brightness declining on a timescale of 1-2 days, and the colour reddening on a similar timescale (Evans et al. 2017; Pian et al. 2017; Buckley et al. 2018; McCully et al. 2017) . After a couple of days, the bulk emissions of SSS17a/ AT2017gfo shift to the near-infrared range, resulting that the spectra redden quickly. This can be interpreted by the variation in the opacity of the merger ejecta, at least in principle.
As pointed out by Kasen, Badnell & Barnes (2013) and Tanaka & Hotokezaka (2013) , the opacity of a merger ejecta is very sensitive to the abundance of lanthanide elements. If the mass fraction of lanthanides is > 10 −2 , the opacity can be as high as 10 cm 2 g −1 , due to the bound-bound transition of the f -shell electrons of lanthanides. To account for the fact that the spectra of SSS17a/AT2017gfo are dominated by a blue component in the early time and by a red component in the late time, multi-component models of kilonovae have been used to fit the data (Pian et al. 2017; Cowperthwaite et al. 2017; Drout et al. 2017; Kilpatrick et al. 2017; Tanaka et al. 2017; Villar et al. 2017; Waxman et al. 2017 ). The presence of multiple components in a merger seems plausible: a dynamical ejecta generated by the tidal and hydrodynamic forces produced by the violent merger process, and a disk-wind ejecta driven by neutrino-anti-neutrino annihilation following the merger (Thompson & Burrows 2001; Paczyński 2002) . It is natural to expect that these distinct components have different compositions of r-process (rapid neutron capture process) elements hence different opacities, and different values of other parameters like the expansion velocity and mass. However, the later red emissions may also arise from delayed energy injection from a long-lived remnant neutron star at the center (Yu & Dai 2017) .
Before the discovery of GW170817, some clues for the existence of kilonovae/macronovae had been found in GRBs 050709, 060614, and 130603B. Very faint nearinfrared rebrightening found in their late afterglows was interpreted as the emergence of kilonova/macronova emissions (Tanvir et al. 2013; Berger, Fong & Chornock 2013; Yang et al. 2015; Jin et al. 2015 Jin et al. , 2016 . GRBs 050709 and 130603B are short GRBs with a duration < 2 s. GRB060614 has a duration of 102 s but is more like a short burst in many other aspects (Zhang et al. 2007 ). However, all these previous evidences are not strong cases, because of the limit in available data with good qualities. The case of GW170817/GRB170817A and SSS17a/AT2017gfo is a very strong case for the GW-GRB-Kilonova/macronova connection. Without any doubt, GW170717, GRB170817A, and SSS17a/AT2017gfo are different representations at different evolution stages of one physical event: the merger of two neutron stars.
In spite of the successful identification of a kilonova/macronova associated with GW170817/GRB170817A, a proof of the energy source for powering the UVOIR emission as arising from radioactive decays of r-process elements in a neutron star merger is not easy. Presumably, the violent merger produces copious radioactive nuclides with different lifetimes and quantum states, whose decay releases energies in the form of neutrinos, gamma-ray photons, and the kinetic energy of electrons, positrons, and other particles. Because the merger ejecta is initially opaque to photons and particles but transparent to neutrinos, only neutrinos will escape freely and the energies carried by photons and particles will be thermalized and eventually escape from the surface of the ejecta in the form of blackbody radiation. Because of the subrelativistic expansion of the ejecta, all emission and absorption lines from the surface of the ejecta are broadened and merged smoothly. As a result, a smooth and almost featureless thermal spectrum is generated (with superposition of smooth undulations which might arise from broad absorptions, Tanaka et al. 2018) , which is verified by the observations of SSS17a/AT2017gfo (Pian et al. 2017 ). The intense near-infrared emissions have sometimes been used to argue for the presence of r-process elements-lanthanidesbut this is very indirect and not conclusive.
The most direct approach for identification of r-process elements and the energy mechanism for powering the optical transient from a neutron star merger would be the direct observation on the gamma-ray photons emitted by the radioactive decay in the merger ejecta. However, this can only be possible after the ejecta becomes transparent to the gamma-ray photons. According to theoretical estimates, for reasonable parameters the ejecta will become optically thin after a day to a few days since the moment of merger. This seems having been confirmed by the optical observations on SSS17a/AT2017gfo. According to the analysis of Pian et al. (2017) , starting from about three days after the GW170817, the merger ejecta was becoming increasingly transparent to photons and more absorption lines become visible. The analysis by Drout et al. (2017) also shows that the spectra between 0.5-8.5 days after the merger are broadly consistent with a thermal distribution, then become nonthermal. These conclusions are broadly consistent with the result in other analysis (e.g., Kilpatrick et al. 2017; Shappee et al. 2017; Troja et al. 2017; Waxman et al. 2017 ). If we accept the two-component model for the merger (a blue component plus a red component), we expect that the gammaray photons produced by the radioactive decay will start to emerge from about one day after the merger, since the blue component cools very fast. The emerging photons will be in the energy range of MeV with a peak luminosity of ∼ 10 41 erg s −1 (the same order of the optical peak luminosity of SSS17a/AT2017gfo). Since this luminosity is lower than that of the faintest observed GRB by about five orders of magnitude, to observe it requires a very sensitive gamma-ray detector given its distance of 40 Mpc.
The importance of observations on the gamma-ray emission from Type Ia supernovae (thought to be powered by the decay chain of 56 Ni → 56 Co → 56 Fe) for diagnosing their progenitor and explosion mechanism has been noticed and studied for many decades (Clayton, Colgate & Fishman 1969; Clayton 1974; Summa et al. 2013; The & Burrows 2014 , and references therein). However, so far only for two supernovae the gamma-ray emissions produced by radioactive decays have been detected. The first detection of gamma-ray emission lines caused by the radioactive decay in a Type Ia supernova was in SN2014J in M82, for which two gamma-ray emission lines of 56 Co (847 and 1, 238 keV, respectively) were detected by INTEGRAL. From the observed luminosity of the emission lines (4.7 and 8.1 × 10 41 erg s −1 , respectively), it is successfully derived that about 0.6 M⊙ radioactive 56 Ni were synthesized during the explosion (Churazov et al. 2014) . Before that, the same gamma-ray emission lines were also detected in type II SN1987A (thought to be powered by both radioactive decays and shock waves) with the Solar Max satellite (Matz et al. 1988) . However, the derived mass of 56 Co was only a very small fraction (≈ 1.3%) of the total mass of 56 Co inferred from the bolometric light curve at a similar time. The rare detection of radioactive gamma-ray lines in supernovae is mainly caused by the fact that we are lack of gamma-ray detectors with a high enough sensitivity in the MeV energy range (Tanimori et al. 2015 , and references therein).
Both SN1987A and SN2014J are among the closest supernovae that have ever been observed, with a distance of 51 kpc and 3.5 Mpc, respectively. Since the occurrence frequency of neutron star mergers is about 1,000 times smaller than that of supernovae, in principle the closest merger that we have a fair chance to discover would be farther way than the closest supernova by a factor of ∼ 10. So, for a similar luminosity, we expect that the radioactive gamma-ray emission from neutron star mergers would be more difficult to detect than that from supernovae, since its flux density would be weaker by about two orders of magnitude. However, this does not reduce the importance of observations on the radioactive gamma-ray emission from neutron star mergers. In addition, given the fact that we have discovered SN 1987A although the local rate of type II supernovae is only ≈ 2.5 × 10 −8 yr −1 in a spherical volume with a radius of 51 kpc (Li et al. 2011 ), detection of a neutron star merger at a distance 1 Mpc may not be impossible.
In this paper, we study the gamma-ray emissions due to the radioactive decay of unstable nuclides in a neutron star merger. After the merger ejecta becomes transparent a few days after the merger, the gamma-ray photons will escape from the ejecta and become visible. Unlike in the case of supernovae where the dominant gamma-ray emissions come from the decay of a single radioactive nuclear isotope 56 Co after the supernova envelope becomes transparent (about 100 days after the explosion), in the case of neutron star mergers the merger ejecta are expected to contain hundreds to thousands of unstable nuclides with a wide distribution in lifetimes. Hence, the gamma-ray emissions from a neutron star merger are expected to contain tons of emission lines with a distribution in the photon energy. The subrelativistic expansion of the ejecta will broaden the emission lines and merge them, resulting a smooth gamma-ray spectrum in contrast to the case of supernovae where we can see distinct emission lines from one unstable nuclide. In this paper we will calculate the magnitude and the shape of the radioactive gamma-ray spectra of a neutron star merger in its optically thin stage, and study their dependence on model parameters (expansion velocity, opacity, etc) as well as the observability of the gamma-ray emission. Hotokezaka et al. (2016) studied the gamma-ray emission resulting from radioactive decays outside the photosphere in a neutron star merger ejecta. They concluded that to observe the emission new detectors with a sensitivity higher than current ones by at least a factor of ten are required. Their research was based on a dynamical rprocess network. Since in the r-process the dominant nuclear reaction consists of neutron captures, β-decay, α-decay and fissions (Martínez-Pinedo 2008) , in the calculation of Hotokezaka et al. (2016) the dominant contribution to the gamma-ray emission comes from β-decays. In our work, without using a r-process network, we assume at some initial time a power-law distribution in the number of radioactive nuclides over their lifetimes, then calculate the energy generation by tracing the decay process of nuclides. The sample of radioactive nuclides is constructed from the NuDat 2 database at the National Nuclear Data Center according to some selection criteria. For calculation of the energy generation and the nonthermal gamma-ray spectrum, we make use of the gamma-ray radiation data for each nuclide provided by the NuDat 2 website. We note that the original work of Li & Paczyński (1998) was also based on an assumption of power-law distribution of the number of unstable nuclides over their lifetimes, and the luminosity and temperature of blackbody radiations were correctly derived. So, in this work we also take this simple approach.
In our model the gamma-ray emission comes from the following five decay processes: β − -decay, β + -decay, electron capture, α-decay, and isomeric transition. The electron capture is a process where a proton-rich nucleus of a neutral or partially-ionized atom absorbs an electron from the K or L shell. It is a process which competes with the β + -decay, and has the same effect on the atomic number. In principle, the r-process can finish in less than a second after the merger (Korobkin et al. 2012; Wanajo et al. 2014) . Then, the merger ejecta cools quickly and nuclei and electrons combine to form atoms. So, we expect that the electron capture can happen efficiently after the r-process. We find that the β + -decay and the electron capture make the dominant contribution to the generation of gamma-ray energy, more efficient than the β − -decay. Hence, inclusion of the β + -decay and the electron capture is necessary for calculation of the energy generation inside the merger ejecta, which seems having been ignored in other works in the literature with calculations based on the r-process network. We also find that the β + -decay and the electron capture produce a gamma-ray spectrum with a feature very different from that generated by β − -decays, including the presence of electron-positron annihilation lines. The isomeric transition is a process where a long-lived excited nuclear level decays by gamma-ray emissions or internal conversion. It contributes to the total gamma-ray energy generation in a merger ejecta with a fraction smaller than that contributed by the electron capture and the β ± -decay, but larger than that contributed by the α-decay.
In our model we do not include the fission process, since the NuDat 2 website contains very few radiation data for fissions. However, other works have claimed that the contribution of fissions to the total energy generation is small relative to the β-decay, though they may make a nonignorable contribution at very late time (Metzger et al. 2010; Hotokezaka et al. 2016 ).
The paper is organized as follows. In Section 2, we apply the model of Li & Paczyński (1998, with some minor modifications) to fit the UVOIR bolometric luminosity data of SSS17a/AT2017gfo. We derive some critical quantities that will be used as a reference for normalizing the parameters of the model for calculation of the gamma-ray emission. In Section 3, we derive the mathematical formulae for calculation of the energy generation by radioactive decays in a merger ejecta, and describe how to calculate the luminosity and spectrum of the gamma-ray emission. In Section 4, we construct a sample of radioactive nuclides that will be used in our model, and generate the abundance of each nuclide according to a power-law distribution over their lifetime with a Monte Carlo approach. Sections 5 and 6 contain the main result of the paper: calculation of the energy generation rate, the luminosity and spectrum of the gamma-ray emission, and the efficiency in converting the nuclide mass into nuclear energy by radioactive decays. Section 7 contains a discussion on the effect of decay chains on the gamma-ray energy generation.
In Section 8, we take the merger model for GW170817 as an example to calculate the spectra of its gamma-ray emissions, and discuss their observability by comparing the result to the sensitivity of some modern gamma-ray detectors. We argue that the gamma-ray emission from a merger event like GW170817 will be detectable by Satellite-ETCC if it occurs at a distance 12 Mpc. In Section 9, we summarize the result of this work and draw our conclusions. Appendix A contains some details not included in Section 3 on derivation of the formulae for calculation of the energy generation rate and spectrum of the gamma-ray emission produced by radioactive nuclides in an expanding sphere. Appendix B contains the mathematical formulae for the treatment of decay chains.
MODEL FITTING TO THE LUMINOSITY CURVE OF SSS17A/AT2017GFO
The model used by Li & Paczyński (1998) for calculation of the electromagnetic radiation from a merger ejecta in its optically thick phase is simple but robust. The predicted major characters for the electromagnetic radiation produced by a neutron star merger are basically all confirmed (at least qualitatively) by the observations on SSS17a/AT2017gfo:
(1) The early radiation has a thermal spectrum, with the bulk energy in the UV-optical band. Observations on SSS17a/AT2017gfo have shown that this is indeed the case for time t 3.5 day after the merger. (2) The luminosity and spectrum evolve with time rapidly, on a timescale of a few days. The model predicts that the time from the peak luminosity to a luminosity down by a factor of 3 from the peak is about 2 days. The bolometric luminosity of SSS17a/AT2017gfo derived from the observational data drops by a factor of ∼ 3 from t = 1 day to t = 3.5 day. (3) The optical transient has a peak luminosity in the supernova range, which is attained at t ∼ 1 day after the merger. The peak bolometric luminosity of SSS17a/AT2017gfo is ≈ 8 × 10 41 erg s −1 , attained at t ≈ 0.6 day (Waxman et al. 2017) . This peak luminosity is in the range of faint supernovae (Foley et al. 2009; Bufano et al. 2014 ).
The original model in Li & Paczyński (1998) contains an f parameter, which roughly represents the efficiency in generation of energy by radioactive decays in the ejecta. The derived peak luminosity of the optical transient Lm ∝ f , hence the estimated peak luminosity sensitively depends on the value of f . In the original work of Li & Paczyński (1998) , the authors treated f as a free parameter and took f = 10 −3 , 10 −4 , and 10 −5 in the presentation of their numerical results. Hence, they got a peak luminosity in the range of 10 42 -10 44 erg s −1 , in the normal to bright supernova range. The precise value of f is hard to determine, since radioactive nuclides have a wide range of efficiency in converting mass to energy and as a result, the derived value of f sensitively depends on the model. For instance, Metzger et al. (2010) derived an effective f ∼ 3 × 10 −6 at t = 1 day based on a dynamical r-process network. With a large reaction network, Korobkin et al. (2012) derived an analytical heating rate which indicates that f ∼ 0.9 × 10 −6 at t = 1 day. Basically, the presence of many heavy elements with low radiative efficiency can significantly decrease the derived value of f .
Like in the work of Li & Paczyński (1998) , here we con-sider a spherical merger ejecta of a constant mass Mej and a uniform mass density ρ, uniformly expanding with a constant velocity V at its surface. The radius of the expanding sphere is then R = V t, where t is the time since the merger. So we have Mej = (4π/3)ρV 3 t 3 . Assuming that the ejecta material has a constant opacity κ. Then, the total optical depth of the spherical ejecta is τs = 3κMej 4πV 2 t 2 = 1.57
where c is the speed of light. Define a critical time tc by τs = 1, i.e., the time when the ejecta starts to be transparent to photons. Then by equation (1) we have
In terms of the critical time tc, the total optical depth can be rewritten as
We denote by ǫ(t) the energy generation per unit time and per unit mass by the radioactive decay in the ejecta. Then, the total energy generation per unit time is given bẏ E = ǫMej, where the dot denotes d/dt. Among the total energy generated inside the ejecta, a fraction of it is scattered and absorbed by the ejecta matter then re-emitted as thermal photons (i.e., that fraction of the generated energy is thermalized). The rest fraction escapes to infinity in the form of gamma-ray photons. Here we approximate the fraction for thermalization by 1 − e −τs , and the fraction carried away by gamma-ray photons by e τs . That is,Ė =Ė th +Ė nth , wherė
anḋ
When t ≪ tc, we have τs ≫ 1,Ė th ≈Ė = ǫMej, anḋ E nth ≈ 0. That is, when the ejecta is optically thick, almost all the energy generated inside the ejecta is thermalized. When t ≫ tc, we have τs ≪ 1,Ė th ≈ τsĖ = t 2 c /t 2 ǫMej,
That is, when the ejecta is optically thin, almost all the energy generated inside the ejecta escapes to infinity without thermalization.
After consideration of the effect of optical depth, the equation (9) of Li & Paczyński (1998) should then be modified as
where U is the energy density of radiation. The factor 1 + t 2 /2t 2 c −1 in the last term in equation (6) Equation (6) determines the evolution of the temperature inside the ejecta. In Li & Paczyński (1998) the function ǫ, which is sometimes also called the heating rate in the optically thick case, is assumed to be inversely proportional to time t. Here, like in other references we take a more general power-law form of ǫ(t), and write it as
where f and α constants. Of particular interest is in the case of nuclear waste where we have α ≈ 0.2 (Cottingham & Greenwood 2004) . Numerical and analytical works indicate that the value of α should be in the range of 0.1-0.4 (Metzger et al. 2010; Korobkin et al. 2012; Hotokezaka et al. 2016; Hotokezaka, Sari & Piran 2017 ).
The thermal luminosity L is related to the energy density U by the equation (6) of Li & Paczyński (1998) . With inclusion of the factor 1 + t 2 /2t
Define a dimensionless parameter β and dimensionless variables x and y by β ≡ V /c, x ≡ t/tc wheretc ≡ tc(8β/3) 1/2 , and
Then, substitution of equation (7) into equation (6) leads to
With a given initial condition for the luminosity, we can solve equation (10) for a solution y = y(x). Then, the luminosity L as a function of time can be calculated by
In practice we can choose L(t = 0) = 0 as the initial condition. Then, solutions satisfying the initial condition exist when α < 1. In the limit x ≪ 1, i.e., t ≪tc, we have the approximate solution:
According to the definition, tc corresponds to the time when the ejecta transits from the optically thick phase to the optically thin phase. When α = 0,tc corresponds to the time at the peak of the luminosity, and Lc corresponds to twice the peak luminosity (Li & Paczyński 1998) . Now let us attempt to apply the above model to fit the bolometric luminosity data of SSS17a/AT2017gfo. Here we use the bolometric luminosity data derived in Waxman et al. (2017) , where three bolometric luminosities were calculated: Lint calculated by the trapezoidal integration of multiband photometric data; L bb by fitting a blackbody to the photometric data; and L0.3−2.4µm by integrating the X-Shooter spectra. The authors claimed that the Lint is more reliable, since it does not depend on modeling of the spectra. In Arcavi (2018) , a bolometric luminosity is constructed by dividing the multiband data set into 0.2-day epochs then fitting the data to a blackbody using the Markov Chain Monte Carlo simulation through the emcee package. The derived bolometric luminosity agrees with the Lint derived by Waxman et al. (2017) surprisingly well. Therefore, we choose to use the Lint for testing the above model.
In Waxman et al. (2017) , fitting errors were only listed for the L bb , not for the Lint. However, the error for L bb can be used as an order of magnitude estimate for the error of Lint (E. Ofek and E. Waxman, private communications). Hence, here we estimate the error of Lint by δLint ≈ δL bb (Lint/L bb ).
Integration of equation (10) with the initial condition y(x = 0) = 0 leads to a solution y = y(x; α, β). Then we get L = Lc(t;tc, α, β), since x = t/tc. Hence, there are four independent parameters in the calculation of luminosity: Lc, α, β, andtc. In the 21 data points of Lint, the last two data points (at t = 15.5 and 16.5 day, respectively) have too large errors. Hence, the last two data points are excluded from our model fitting. If we allow all the four parameters to vary, the least-squares fit leads to a best fit with χ 2 /dof = 2.19. But the best fit β has a too small value: β = 0.0022 ± 0.0002. This small value of β is unacceptable, since it is clearly inconsistent with the fact that the observed spectra of SSS17a/AT2017gfo are very smooth in the early time (t 5 day). Blackbody fit to the multiband photometric data indicates that β 0.2 at least for the first couple of days (Waxman et al. 2017 ). If we take a constraint that the value of β must be > 0.1, then we cannot get an acceptable fit to the data with a single set parameters of Lc, α, β, andtc. Kruszewski (2018) also noticed that a single component model cannot fit the data. However, he got a perfect fit to the early six data points (corresponding to t < 1.5 day) with a single component model. This fact might indicate that a two-component model can fit all the data.
It is easy to see why a one-component model cannot fit the bolometric luminosity data. From the Lint derived by Waxman et al. (2017) , the luminosity peaks at a time tm < 1 day (hencetc < 1 day), and for t > 1 day the luminosity curve clearly has a broken power-law feature: the power-law index jumps from −0.95 ± 0.06 for 1 day < t < 6.2 ± 0.7 day to −2.8 ± 0.6 for t > 6.2 ± 0.7 day (Fig. 3 and Table 1 in Waxman et al. 2017 ). The power-law index −2.8 ± 0.6 is remarkably consistent with our asymptotic solution in equation (12), if the value of α is in the range of −0.8-0.4. Hence, we can interpret the time t = 6.2 day as the time when the ejecta transits from the optically thick phase to the optically thin phase. Hence we should have tc ≈ 6 day. We then get (8β/3) 1/2 =tc/tc < 1/6, i.e., β < 0.01. So, to fit the data with a one-component model we have to get a very small expansion velocity.
Next, we apply a two-component model to fit the data. We assume that the ejecta contains a component A and a component B. For instance, the component A can be a dynamical ejecta, the component B can be a wind ejecta, and vice versa. The two components can have different values of the parameters β,tc, and Lc, but we assume that they share the same value of α. Then, the total luminosity is given by the sum of the luminosity for each component, Table 3 . The error of L int is estimated by referencing to the error listed in their Table 3 for the blackbody fit luminosity L bb (see the text). The last two data points are excluded from fitting due to their very large errors. The best fitted parameters are listed in Table 1. i.e., L = LA + LB, where LA = Lc,Ay(t; α, βA,tc,A), and LB = Lc,By(t; α, βB,tc,B). Each solution of y is determined by equation (10), for given α and β. Then we have seven independent free parameters: α, Lc,A, βA,tc,A, Lc,B, βB,tc,B.
If we allow all the seven parameters to vary during the fit, we will inevitably get some parameters with too large errors. This is caused by the fact that we have not enough number of data points available (only 19 after removing the data points at t = 15.5 and 16.5 day), and that in the optically thick case the luminosity solution does not explicitly depend on the β parameter as can be seen from equation (10). So, during the fit we choose to fix the value of α and β. We choose α = 0.2 to agree with the value measured in the nuclear waste. For the value of β, we choose βA = 0.3 and βB = 0.1, to agree with the values obtained by fitting the photometric spectra with blackbody radiation in Waxman et al. (2017) . Then we have four independent parameters to fit: Lc,A,tc,A, Lc,B, andtc,B. The number of degrees of freedom for the fitting is then 15. Applying the so-defined two-component model to fit the bolometric luminosity data (with the last two points being excluded, as explained above), we get a best fit with χ 2 /dof = 0.462. The fitting results are shown in Fig. 1 , and the best fit parameters are listed in Table 1 .
As can be seen from Fig. 1 and Table 1 , the two- The values of α and β are fixed for both A and B. Only thetc and Lc for each component are allowed to vary during the fit. The tc, κM ej , f M ej , andĖ(t = 1day) are derived from the fitting result. a Parameter in the power-law index in the energy generation rate (eq. 7). b Expansion velocity of the merger ejecta, where c is the speed of light. c The fitted critical luminosity scale defined by equation (11), in units of 10 41 erg s −1 . d The fitted critical timescaletc in units of day, which is related to the tc in equation (2) bytc = tc(8β/3) 1/2 . e The derived critical timescale tc defined by equation (2), in units of day. f The derived product of the opacity κ and the ejecta mass M ej , in units of 0.01 M ⊙ cm 2 g −1 . g The derived product of the dimensionless parameter f (see eq. 7) and the ejecta mass, in units of 10 −6 M ⊙ . h The derived energy generation rate at t = 1 day, in units of 10 41 erg s −1 .
component model fits the bolometric luminosity data very well. The fit spans the range from t = 0.5 day to t = 14.5 day.
The derived values for tc, κMej, f Mej, andĖ(t = 1day) for each component are also listed in Table 1 . We see that the derived values for f Mej are about the same for both ejecta components. The relation between the parameter f and the average nuclear radiation efficiency η in the ejecta will be discussed in the next section. According to equation (35) in Section 3, we have f ∝ ηt −α c . If the two ejecta components have the same average radiation efficiency (and similar minimum and maximum nuclear lifetime), we should have fB ≈ fA(tc,B/tc,A) −α ≈ 0.67fA. Hence we have
and
where fA,−6 = fA/10 −6 . From the above results we get Mej,B/Mej,A = 1.42 ± 0.09. From the derived values for κMej we get κBMej,B/κAMej,A = 6.50 ± 0.45. So we have κB/κA = 4.59 ± 0.27. Hence, the fitting results indicate that the two ejecta components may have very different values of the opacity. From the derived values of κMej and f Mej, we can infer that
and κB = 0.209 ± 0.008 fA,−6 cm 2 g −1 .
Although a red component seems to be present in the UVOIR data of SSS17a/AT2017gfo, the fitting results do not support a very large opacity in the ejecta or outflow. The lanthanide-featured opacity of ∼ 10 cm 2 g −1 as theoretically claimed in some references is not verified, unless the efficiency parameter f is as large as ∼ 4.8 × 10
−5 , but then we would get too small ejected masses in both components (∼ 5.2 × 10 −4 M⊙ and ∼ 7.4 × 10 −4 M⊙, respectively). In other words, our results indicate that the fraction of lanthanides is < 10 −4 (Kasen, Badnell & Barnes 2013). Another possibility is that all the f -shell electrons of lanthanides have been ionized by the high energy photons inside the ejecta then naturally the opacity cannot reach a so high value. This supports our claim that it is difficult to diagnose the element composition of the merger ejecta through UVOIR observations in the optically thick phase.
From equations (7) and (11) we can derive the total energy generation rate at t = 1 daẏ
Then, from the best fit values of Lc andtc, we can derive the energy generation rate at t = 1 day for each model component. The results are listed in Table 1 . The energy generation rate at t = 1 day,Ė(t = 1 day), and the transition time tc, are two important quantities for determining the amplitude and the peak time of the gamma-ray emission to be calculated in the following sections. The values derived here will be used as a reference for input parameters in our modeling for the radioactive gamma-ray emission produced by the merger ejecta.
THEORETICAL BASIS FOR THE RADIOACTIVE GAMMA-RAY EMISSION
In a merger event of neutron stars, a lot of neutron-rich nuclear elements are produced by the nucleosynthesis process in the merger ejecta (e.g., by the r-process), many of which are unstable. The radioactive decay of the neutronrich isotopes releases nuclear energy in the form of neutrino energy, gamma-ray photon energy, and the kinetic energy of particle products (electrons, positrons, α-particles, etc). The neutrinos escape from the ejecta freely. The positrons will ultimately annihilate with the electrons in the ejecta and produce additional gamma-ray photons. Electrons, α-particles and other charged particles will interact with other charged particles in the ejecta through the Coulomb interaction and be thermalized. The fate of the gamma-ray photons generated during the decay process is determined by the optical thickness of the ejecta. If the ejecta is optically thick, i.e., τs ≫ 1, the gamma-ray photons will be thermalized inside the ejecta through scattering and absorption by electrons and ions, and finally be radiated away with a thermal or quasi-thermal spectrum in the UVOIR band. In the opposite case, if the ejecta is optically thin, i.e., τs ≪ 1, the gamma-ray photons produced by the radioactive decay will escape from the ejecta freely, without interaction with matter in the ejecta. In this case, the appearing spectrum of the gamma-ray emission is mainly determined by the original energy distribution of the gamma-ray photons produced by nuclear decays, shaped by the subrelativistic expansion of the ejecta through the Doppler effect. 1 Therefore, observations on the gamma-ray spectrum of a neutron star merger in its optically thin phase can provide the best diagnosis for the nucleosynthesis process in the merger ejecta.
To calculate the spectrum of the gamma-ray emission, we must know the species of nuclides inside the merger ejecta and their abundance. The observed spectrum will be given by the superposition of the gamma-ray line spectrum generated by each nuclide, with inclusion of the line broadening effect caused by the subrelativistic expansion of the ejecta. So, our model consists of many different species of unstable nuclides, each nuclide being denoted by a symbol Xi where i = 1, 2, ... Let us consider one nuclide, Xi, of mass mi and mean lifetime τi. Assuming that at time t = 0 the total number of Xi is Ni,0. Because of the radioactive decay, at time t the number of Xi is Ni = Ni,0e −t/τ i . Decay of one Xi releases an energy εi. Then, at time t, the accumulated energy generated by Xi is ∆Ei = εi∆Ni = εiNi,0 1 − e −t/τ i , which leads to a generation rate of the radioactive energy by one species of nuclide
The total generation rate of the radioactive energy is given by the sum of the energy generation rate of all nuclides in the ejecta, i.e.,
To convert the sum in equation (19) into an integral, let us assume that at time t = 0 the number of nuclides is given by a distribution over the mean lifetime, so that in an infinitesimal range of the mean lifetime bounded by τ and τ + dτ the number of nuclides is given by g(τ )dτ . The total number of nuclides at t = 0 is then given by i Ni,0 = g(τ )dτ . Then, the sum in equation (19) can be converted to an integral over τ by
We assume that g(τ ) is a power law of τ , i.e.,
where A and α are constants. We further assume that εi is not correlated to τi, i.e., ε is not a function of τ . In other words, we take ε as being an averaged value of εi and hence being independent of τ . Then we have
where τmin and τmax are minimum and maximum values of τ . The integral can be worked out with the incomplete gamma function. The result is
where
For time t satisfying the condition τmin ≪ t ≪ τmax, we have ζ(α, t/τmin, t/τmax) ≈ Γ(1 + α), and
For t ≪ τmin, we have dE/dt ≈ εA(1 + α)
−1 e −t/τmax . For any t satisfying the condition τmin ≪ t ≪ τmax, the dominant contribution to the integral of dE/dt in equation (22) comes from nuclides with τ ∼ t. To see this point, let us define z = ln(τ /t) and rewrite equation (22) as
Here we have taken zmin ≡ ln(τmin/t) = −∞, and zmax ≡ ln(τmax/t) = ∞. It can be checked that F (z) → 0 as z → ±∞. Hence, the function F (z) peaks at z = zm, where zm is determined by ∂F/∂z = 0. Since ∂F/∂z = −F (z) 1 + α − e −z , the solution to ∂F/∂z = 0 is z = zm ≡ − ln(1 + α), i.e., F (z) peaks at
At z = zm, we have the peak value of F (z)
The "width" of the integrand function F (z) can be defined by F z ±1/2 = Fm/2. For any α in the range of 0 α 1, the solution of y ±1/2 ≡ exp(z ±1/2 ) can be approximated by y −1/2 = 0.3734 1 − 0.5369α + 0.1867α 2 , and y 1/2 = 4.311 1 − 1.843α + 2.425α 2 − 1.912α 3 + 0.6368α 4 with a relative error < 1%. So, the energy generation at time t mainly comes from nuclides with mean lifetimes in the range of ∼ 0.3-4.5t. Integration of equation (22) over time from t = 0 to t = ∞ gives rise to the total energy generated by the radioactive decay
Let us denote the total rest mass of the radioactive elements at t = 0 by ∆M0 and define an averaged radiation efficiency η by η ≡ ∆E/∆M0c
2 . Then, from equation (30), we can derive that
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By equation (23) we have then
For the case of τmin ≪ t ≪ τmax, we have
Comparison of equations (7) and (34) leads to
When α = 0, we have f = η/ ln(τmax/τmin). When α > 0 and τmax ≫ τmin, we have f ≈ ηαΓ(1 + α)(tc/τmin) −α . We see that, the parameter f in equation (7) is related to the average radiation efficiency η of the radioactive decay, but they are not identical. The value of f also depends on a few parameters: the minimum and maximum mean lifetime of nuclides in merger ejecta, and the critical timescale tc when α > 0.
To estimate the effect of τmin, τmax, and tc on the value of f , let us take tmin = 1 s, tmax = 2.1 × 10 17 s (the mean lifetime of Uranium), and tc = 1 day. Then we get f ≈ η/40 when α = 0, and f ≈ η/53 when α = 0.2. So, it appears that f is smaller than the average radiation efficiency η by a significant factor. This is easy to understand. The parameter f describes the strength of the energy generation rate at a given time t. According to the above result, at any time t the energy generation is dominantly contributed by nuclides with mean lifetimes comparable to t. Hence, increase in the amount of elements with mean lifetimes much larger or much smaller than t can only increase the total mass but add little contribution to the total energy released at time t, which results that the value of f is significantly reduced.
2
If we interpret the εi as the gamma-ray energy generated in a radioactive decay, equation (19) would give the gamma-ray energy generation rate dEγ/dt. In nuclear physics the total energy released in a radioactive decay is usually measured by the Q-value, which is defined as the difference in the rest mass energy between the parent nuclide and the daughter nuclide. If in equation (19) we substitute Qi for the εi, we would get the total energy generation rate dEQ/dt which contains the energy released in various forms. According to Metzger et al. (2010) , for the β-decay, which makes the dominant contribution to the total energy generation in their model, fractions of the energy carried by electrons, neutrinos, and gamma-ray photons are respectively: ǫe ≈ ǫν ≈ 0.25, and ǫγ ≈ 0.5. However in our model, as we will see later, the dominant contribution to the gamma-ray energy generation comes from β + -decays and electron captures, which is about 65%. The contribution of β − -decays to the total gamma-ray generation is about 32%, with the rest 3% contributed by α-decays and isomeric transitions. Hence, in our model, the contribution of β-decay electrons to the heating rate through the thermalization process is about 14%.
In the optically thin phase, almost all the gamma-ray energy generated by radioactive decays will escape from the 2 According to equation (7), when α = 0 the strength of the energy generation at time t is described by f t α c , which explains the appearance of t −α c in equation (35). ejecta directly and form the gamma-ray radiation. To take into account the transition from the optically thick phase to the optically thin phase, the gamma-ray energy generation rate should be multiplied by a factor e −τs = e −t 2 c /t 2 to give rise the luminosity. That is, we have
where fγ ∼ 0.5,Ėγ = dEγ/dt, andĖQ = dEQ/dt. As expected, when t≫tc we have L ≈Ėγ ≈ fγĖQ. Of course, here we have assumed that the critical time tc is independent of the photon energy, or can be considered as the value after being averaged over the photon energy.
To calculate the luminosity and spectra of the gammaray emission produced by radioactive decays from a neutron star merger, we need to consider the radioactive decay process in an expanding medium. Because of the compactness of neutron stars (the radius is on the order of 10 km for a neutron star of one solar mass), the merger ejecta can expand with a velocity that is a significant fraction of the speed of light (e.g., V ∼ 0.1-0.3c). The subrelativistic expansion of the merger ejecta causes a number of important effects that must be taken into account in calculation of the luminosity and the observed spectra, including redshift and blueshift of photon energy, relativistic Doppler broadening of emission lines, 3 and distortion in the spectrum shape and the lightcurve profile. The effect of special relativity must also be taken into account to certain orders. Mathematical details for treatment of nuclear reaction and energy production in a spherical expanding medium are presented in Appendix A with the effect of special relativity being properly considered, where the formula for calculation of the energy generation rate and the spectra of gamma-ray emissions as observed by a remote observer are derived.
THE NUCLEAR DATA SAMPLE
We extract from the NuDat 2 database at the National Nuclear Data Center 4 the radioactive decay data for all nuclides satisfying the following three criteria: (1) The half-life t 1/2 of the nuclide satisfies the condition 0.05 day t 1/2 50, 000 day. The half-life is related to the mean lifetime by t 1/2 = τ ln 2. (2) The nuclide and its decay modes have complete information about the energy state and branching ratios. The energy state of a nuclide is specified by the parameter Jπ, denoting the angular momentum and the parity of the nuclide. In each Jπ state the sum of the branching ratios for all decay modes is close to 100%, at least 85%. (3) Each decay mode of a nuclide has available gamma-ray radiation data, although the completeness of the radiation data may be a question for some nuclides.
The condition on the half-life is based on the consideration that we want to calculate the gamma-ray emission in the time interval of ∼ 1-100 day since the merger time.
According to the analysis in Section 3, the dominant contribution to the emitted energy at any time t comes from decays with a mean lifetime τ ∼ t. So, decay modes in the range of 0.05 day t 1/2 50, 000 day (corresponding to 0.072 day τ 72, 000 day) are enough for our purpose. For instance, at t = 1 day, the value of F in equation (27) at t 1/2 = 0.05 day (i.e., at τ = 0.072 day) is ≈ 3.6 × 10 −5 Fm. At t = 100 day, the value of F at t 1/2 = 50, 000 day (i.e., at τ = 72, 000 day) is ≈ 3.8 × 10 −3 Fm. Without the information of Jπ of a nuclide, it will not be possible to match the radiation data in the radiation database with a given nuclide precisely. For instance, in an isomeric transition we need to know the quantum states of the nuclide before and after the transition. Each nuclide in a given Jπ state can have multiple decay modes, each decay mode has a corresponding branching ratio. Obviously, a necessary condition for the data completeness is that the sum of the branching ratios in a given Jπ state for all decay modes should be equal to 100%. In practice we require that the sum is at least > 85% so that the data is close to completeness.
From the NuDat 2 database we extract in total 494 nuclides with 614 total decay modes satisfying the above three criteria, which form the data sample for our investigation. The majority of the nuclides in the sample have a branching ratio sum equal to 100% in a given energy state. In the sample, a nuclide can have multiple Jπ states. For instance, 101 Rh has two Jπ states: 1/2− and 9/2+. A nuclide in a given Jπ state can have multiple decay modes and hence multiple branching ratios. For instance, 101 Rh in the Jπ = 9/2+ state has two decay modes: isomeric transition with a branching ratio 7.2%, and electron capture with a branching ratio 92.8%. In principle, each decay mode has its own half-life. But the half-life listed in the NuDat 2 database is defined by the total decay constant λ, i.e., t 1/2 = ln 2/λ. The individual half-life for a particular decay mode is obtained by t 1/2,i = t 1/2 /Bi, where Bi is the branching ratio of the i-th decay mode.
In the selected data sample, the minimum half-life of nuclides is equal to 0.0475 day (
174 Ta with Jπ = 3+, t 1/2 = 1.14 hr), and the maximum half-life is equal to 51, 500 day ( 242 Am with Jπ = 5−, t 1/2 = 141 yr). Each of the 614 decay modes of the 494 nuclides in 537 energy states has its radiation data available in the NuDat 2 database. The radiation data in the database come from various sources and the completeness of the data is hard to judge, although for most nuclides in the sample the completeness may not be a problem. Although the data completeness can be a big caveat in the current work, we expect that it has little effect on the calculated gamma-ray spectrum which is given by the sum of gamma-ray emissions from all nuclides in the sample. The shape and feature of the spectrum are determined by the collective and statistical properties of the whole radiation data, which will be reasonably precise so long as the radiation data of most nuclides are complete or close to complete. However, data incompleteness may cause an underestimate of the gamma-ray radiation efficiency. The data on the NuDat2 database are often updated so we can expect that the completeness and accuracy of the data will improve with time. Figure 2. Relative initial number (arbitrarily normalized) of the 537 energy states of the 494 nuclear isotopes in the data sample, generated randomly as a Gaussian distribution with 5% deviation around a mean (red solid line) given by equation (21) with α = 0.1 and A = 1. The mean abundance is defined by the integral of g(τ ) over τ in an interval of mean lifetime, then divided by the number of nuclide states in that interval (see the text).
Our calculations will be based on the 614 decay modes of the 494 nuclides selected above. The decay modes include five decay types: α-decay, β − -decay, β + -decay, electron capture, and isomeric transition. To determine the initial number of each nuclide, we use the function g(τ ) defined by equation (21) to model the distribution of the abundance of nuclides over their mean lifetime τ . Since some nuclides have multiple energy states with each state having its own mean lifetime, we treat a nuclide with a given Jπ value as an independent nuclide species. Then our sample of nuclides contains 537 independent nuclide species or elements. The elements are divided into a number of groups according to their mean lifetime in an ascending order. Each group contains 10 elements, except the last group which contains 7 elements. Each group spans an interval in the mean lifetime coordinate, bounded by τ1 and τ2. Then, theoretically, the total number of elements in the lifetime interval is given by ∆N = τ 2 τ 1 g(τ )dτ . Suppose that there are n number of elements in a given group (n = 10, or 7 for the last group). The mean number of a nuclide species in that group is then N = ∆N/n. For each nuclide element in that group, we generate its initial number or abundance through a Gaussian distribution around N , with a deviation of 5%.
The relative initial number (or, abundance defined in mole fraction) of all nuclide states generated with the above Monte Carlo method is shown in Fig. 2 , where we have taken the parameter α = 0.1. We choose this value of α so that the gamma-ray energy generation rate will be ∝ t −1.2 , to be consistent with the result of fitting SSS17a/AT2017gfo in Section 2 and the value found for the nuclear waste. Normalization of the number of each nuclide state at the initial time t = 0 will be determined by scaling the calculated energy generation rate to a given value at some specified time, for instance, to a given energy generation rate at t = 1 day after the merger.
The nuclide sample with the relative abundance generated above would produce an energy generation ratė E ∼ t −1.1 , according to equation (25). However, the detailed numerical calculation in the next section, done with the sum over nuclide species instead of with the integral, leads to a more accurate gamma-ray energy generation ratė Eγ ∼ t −1.2 . The slight difference in the power-law index of energy generation will be explained in the next section. This value of the time power-law index is in the range of that obtained from numerical simulations based on the r-process network (Metzger et al. 2010; Korobkin et al. 2012) . Hence, the nuclide sample that we have constructed should fit the task in this work, at least in principle.
ENERGETICS AND THE LUMINOSITY
With the modeled nuclide abundance, the energy generation rate can be calculated with equation (19), where the sum i is over all nuclide states and all decay modes in the sample. Each nuclide in a given energy state (specified by the Jπ parameter) can have several decay modes. We denote a nuclide state by an index i, and a decay mode by an index j. Assuming that the j-th decay mode of the i-th nuclide species has a Q-value Qi,j and a branching ratio Bi,j . Then for the total energy generation by a nuclide we have
and the total energy generation rate is calculated bẏ
There is no available Q-value associated with isomeric transitions, since in these processes parent and daughter nuclides are the same nuclide in different energy levels. For isomeric transitions, we use the parent energy level (defined relative to the daughter energy level) as their Q-values. As we have already mentioned, a fraction of the total energy release calculated through the Q-value is in the form of gamma-ray photons. A part of the released energy is also in the hard X-ray domain. However, the X-ray radiation only occupies a very small fraction in the total electromagnetic radiation generated by a radioactive decay. Hence, in the following part for simplicity we use the term gamma-ray radiation to represent both the gamma-ray and the X-ray radiation. The fraction of the gamma-ray emission in the total released energy can be a function of time. So, the energy generation in gamma-rays should be calculated independently.
To calculate the energy generation rate for the gammaray radiation, the Qi,j in equation (38) should be replaced by the energy of the gamma-ray radiation released in a decay. Each decay mode of a nuclide can release multiple photons of different energy with different intensity (probability). We denote each photon energy and the corresponding intensity by an index k. Hence, Qi,j should be replaced by k h i,jk ε i,jk , where ε i,jk is the photon energy, h i,jk is the corresponding intensity of the k-th photon energy emitted in the j-th decay mode of the i-th nuclide state. Then, we have the total gamma-ray energy released by a nuclide species
According to the NuDat 2, the intensity for the gamma-ray radiation corresponds to the gamma branching ratio for each level, assigning 100 to the strongest gamma-ray. The εQ,i and εγ,i calculated with equations (37) and (39) for all nuclides in the sample are shown in Fig. 3 . From the figure we see a weak anti-correlation between the released energy and the mean lifetime of nuclides, especially for the gamma-ray energy.
For each decay mode of a nuclide, we can define a total radiation efficiency by ηQ,ij = Qi,j/mic 2 , and a gamma-ray radiation efficiency by ηγ,ij = k h i,jk ε i,jk /mic 2 . In Fig. 4 we show the histogram distribution of ηQ,ij and ηγ,ij for the 612 decay modes with positive Q-values. The two decay modes with negative Q-values ( 87 Sr with Q = −282.2 keV for the electron capture, and 180 Hf with Q = −846 keV for β − -decay) are excluded from the data shown in Fig. 4 . From the data for the 612 decay modes, we derive that the mean of the total radiation efficiency is ≈ 1.69 × 10 −5 , and the mean of the gamma-ray radiation efficiency is ≈ 6.45 × 10 −6 . We see that the gamma-ray radiation efficiency has an extremely wide distribution. If we exclude efficiency bins with number of nuclides smaller than 20 to reduce statistical errors, we find that the gamma-ray radiation efficiency is distributed in the range ∼ 10 −8 -10 −4 , over four orders of magnitude. To calculate the luminosity of the gamma-ray emission, the energy generation rate defined in the rest frame of ejecta must be converted to the energy rate in the observer frame. After taking into account the subrelativistic expansion of the ejecta, for a single nuclide species the gamma-ray energy generation rate defined in the observer frame is given by equation (A23) in Appendix A. After summation over all nuclide species, decay modes, and emission lines, we get the total gamma-ray energy generation rate as measured by the observeṙ
, and I1 is defined by equation (A22). Here β ≡ V /c, V is the expansion velocity at the surface of the ejecta. Then, by equation (36), we get
after considering the effect of optical depth. The gamma-ray luminosity Lγ , the gamma-ray energy generation rateĖγ =Ė γ,obs , and the total energy generation rateĖQ calculated with the above formulae, are shown in Fig. 5 . In calculation of the luminosity we have taken a number of values for the critical time, from tc = 0.5 day to tc = 10 day. To determine the absolute number of each nuclide species in the ejecta, we have adopted the following normalization condition:Ėγ = 6 × 10 41 erg s −1 at t = 1 day, obtained by referencing to the number for SSS17a/AT2017gfo (Table 1) . Our calculation results indicate thatĖγ ≈ 0.4ĖQ at t = 1 day. Asymptotically, we have approximately Lγ = Eγ ∝ t −1.21 andĖQ ∝ t −1.17 , which are also in agree- Figure 5. The gamma-ray luminosity Lγ (solid line), the gammaray energy generation rateĖγ (dotted line), and the total energy generation rateĖ Q (dashed line). Different luminosity curves correspond to different values of the critical time, from tc = 0.5 day to tc = 10 day. For the ejecta expansion velocity we have adopted V = 0.3c. As explained in the text, the luminosity and the energy generation rate depend weakly on the value of V in the subrelativistic situation. The energy generation is normalized so thaṫ Eγ = 6 × 10 41 erg s −1 at t = 1 day. ment with the fitting results for SSS17a/AT2017gfo. Both power-law indexes slightly differ from the theoretical index −1.1, as inferred from the power-law distribution function g(τ ) ∝ τ −1.1 used in generating the abundance of the nuclide species. This is likely caused by the slight statistical anti-correlation between the energy generated by radioactive decays and the mean lifetime of nuclides, as can be seen in Fig. 3 . A straight line fit to the data in Fig. 3 leads to εQ ∝ τ −0.1 , and εγ ∝ τ −0.1 if data points with εγ < 3 keV are excluded from the fit.
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In Fig. 6 we show the luminosity calculated for the gamma-ray emission in the two-component model used to fit the UVOIR bolometric light curve of SSS17a/AT2017gfo. For comparison, the UVOIR bolometric light curve and the total gamma-ray energy generation rate are also shown. As we claimed in Section 3, β-decay electrons contribute about 14% to the heating rate through the thermalization process, so the gamma-ray energy generation rateĖγ is related to the heating rate ǫ byĖγ = 0.86ǫMej = 0.86Ė. The UVOIR luminosity includes the contribution of β-decay electrons, but the gamma-ray luminosity does not. In calculation of the gamma-ray luminosity this correction has been considered. The gamma-ray light curve peaks at t ≈ 1.2 day after merger, with a peak luminosity ≈ 1.9 × 10 41 erg s −1 . The Figure 6. The gamma-ray luminosity as a function of time for the two-component model used to fit the UVOIR bolometric light curve of SSS17a/AT2017gfo. For comparison, the UVOIR bolometric light curve is shown with a dashed curve (i.e., the solid curve in Fig. 1 ). The dotted curve is the total gamma-ray energy generation rate in the ejecta.
UVOIR light curve peaks at t ≈ 0.58 day, with a peak luminosity ≈ 8.0 × 10 41 erg s −1 .
From Lγ = e 
The peak gamma-ray luminosity, Lγ,p, is related to the gamma-ray energy generation rate at t = 1 day,Ėγ,1, by
For α = 0.2, tc = 0.944 day, andĖγ,1 = 0.86Ė1 = 4.38 × 10 41 erg s −1 (the tc andĖ1 =Ė at t = 1 day for component A; Table 1 ), we get tp = 1.29tc = 1.22 day and Lγ,p = 1.9 × 10 41 erg s −1 , consistent with the numerical result. The integration of equation (40) over t from t = 0 to t = ∞ leads to the total observed energy of the gamma-ray emission
where εγ,i is defined by equation (39). Therefore, the expansion of the ejecta affects the energy generation rate only on the order of β 2 .
SPECTRUM OF THE GAMMA-RAY EMISSION
For a single nuclide species in a given decay mode, the photon number rate in a range of photon energy from ε = ε1 to ε = ε2 > ε1 defined in the observer frame is calculated by equation (A18). After summation over all nuclide species, decay modes, and gamma-ray emission lines, we get the total observed photon number rate in a bin of photon energy defined by (ε1, ε2)
I2(y1, y2) , y− < y1 < y2 < y+ , I2(y−, y2) , y1 < y− < y2 < y+ , I2(y1, y+) , y− < y1 < y+ < y2 , I2(y−, y+) , y1 < y− < y+ < y2 , 0 , else ,
(a), and I2(y) is defined by equation (A17).
We choose to calculate the photon number rate in a photon energy bin defined by (ε1, ε2) instead of the specific photon number rateṄε at any photon energy ε (eq. A15) because of the following considerations. First, since we are calculating the observed spectrum arising from many individual emission lines, when the emission lines are very narrow and sharp, some lines can easily be missed as we sample the photon energy numerically if we choose to calculateṄε at a given photon energy. This problem can be avoided if we choose to calculate the ∆Ṅ for an interval of photon energy. Second, if the photon energy bin is sufficiently small, after we get the ∆Ṅ for each energy bin, we can easily derive the specific photon number rateṄε and the specific photon energy rate Lε through the following relationṡ
In the data sample, the minimum of the photon energy is 0.34 keV, and the maximum is 5 MeV. The range of photon energy spans about four orders of magnitude. Hence, for calculation of the spectrum of the gamma-ray emission, we choose to divide the log ε uniformly, where the photon energy ε is in keV. Considering the Doppler effect caused by the expansion of the spherical ejecta, in our calculation we take log εmin = −0.6 and log εmax = 3.9 and uniformly divide the total range of log ε into 600 bins. Each bin of log ε has then a size of δ = 0.0075, corresponding to a nonuniform division of the photon energy with ∆ε = (ln 10)εδ = 0.01727ε. In each bin of the photon energy, the observed photon number rate is calculated by equations (45) and (46). Then, by equation (47) we geṫ Nε = (ln 10) −1 ∆Ṅ /(εδ), and εṄε = Lε = (ln 10) −1 ∆Ṅ /δ. The quantity εṄε describes the photon number rate in a photon energy band. It is easier to display the pattern in the shape of the spectrum with εṄε than withṄε. In Figs. 7 and 8 we show the photon flux calculated from εṄε for a number of models. The photon flux is defined by Figure 7. The intrinsic photon flux spectrum of the gammaray emission produced by radioactive decays in a merger at a distance D = 40 Mpc and time t = 1 day, 10 day, and 30 day. The energy generation is normalized so thatĖγ = 6 × 10 41 erg s −1 at t = 1 day. The merger ejecta is assumed to have an expansion velocity V = 0.3c. For better visibility, the photon fluxes at t = 10 day and t = 30 day have been multiplied by a factor of 6 and 10, respectively. The vertical dotted line denotes the annihilation line energy of electrons and positrons, which is 511 keV.
where D is the distance from the merger to the observer. In the calculation we take D = 40 Mpc, the distance to the host galaxy of GW170817. Like in Fig. 5 , we have normalized the gamma-ray generation so thatĖγ = 6 × 10 41 erg s −1 at t = 1 day.
In Fig. 7 , we show the cases of β = 0.3 at t = 1 day, 10 day, and 30 day, respectively. In Fig. 8 , we show the cases of β = 0.2, 0.1, and 0.05, at time t = 1 day since the merger. From these figures of spectra, we see that the emitted photons are roughly clustered in three groups in terms of photon energy: a group with the strongest emissions in 150-3, 000 keV, a group with intermediate strong emissions in 20-150 keV, and a group with the weakest emissions in 3-20 keV. We also see that in the case of β 0.2 strong annihilation lines of electrons and positrons (with ε = 511 keV) are present in the spectrum. In the case of β = 0.3, the strong line broadening effect arising from the expansion of the ejecta causes the annihilation lines smeared out. Fig. 7 also shows some subtle difference in the spectrum patterns at different time, which is caused by the fact that at different time the dominant radiation comes from different groups of radioactive nuclides (see Sec. 3). However, there is no obvious evolution in the photon energy like that seen in the UVOIR spectra, if β remains constant during the expansion.
The flux defined by equation (48) and the spectra shown in Figs. 7 and 8 are "intrinsic" or "naked" quantities (i.e., not the observable quantities), since the effect of optical depth has not been included yet. If the opacity in the ejecta is a constant as we have assumed so far, the optical depth does not depend on the photon energy and is a function of time only. In this simple case, the observed flux is simply equal to the intrinsic flux multiplied by a factor e −t 2 c /t 2 according to equation (5) and hence the observed spectrum has the same shape as the intrinsic spectrum. In reality, the opacity and hence the optical depth can be a function of the photon energy. For a merger ejecta composed of neutronrich and heavy elements, for photons 300 keV the opacity is dominated by the contribution from the photoelectric absorption and increases quickly with decreasing photon energy. As a result, the low energy part of the spectra shown in Figs. 7 and 8 with the photon energy 300 keV will be absorbed by the ejecta and hence will not be visible in the observed spectra, unless at the very late time when the ejecta becomes optically thin to low energy photons also. This effect will be discussed in details in Section 8 when we investigate the observability of the gamma-ray emission from a neutron star merger.
In Fig. 9 we show the fraction of the gamma-ray energy rate defined in the photon energy range (0, ε) in the total gamma-ray energy rate, i.e.,
for the cases of β = 0.01 and 0.3 at t = 1 day. The choice of β = 0.01 is for showing the case with the minimum line broadening effect. The figure shows that the photon energy of the radioactive emission is distributed in a relative narrow range. About 90% of the total emitted gamma-ray energy is carried by photons with energy in the range of 160- Figure 9 . Fraction of the gamma-ray energy rate contained in the photon energy range (0, ε) in the total gamma-ray energy rate, f (< ε) (eq. 49), versus the photon energy at t = 1 day. Two models with different expansion velocity are shown: V = 0.3c (solid curve) and 0.01c (dotted curve). The shallow shade region covers the energy range containing 90% of the total integrated flux, with 5% on the left and 5% on the right. The dark shade region covers the energy range containing 80% of the total integrated flux, with 10% on the left and 10% on the right. The histogram shows the εLε (in arabitrary units) versus ε for the case of V = 0.01c, which roughly represents the energy rate in an energy band around a given photon energy ε.
2, 500 keV (with 5% energy by photons with ε < 160 keV, and the remaining 5% by photons with ε > 2, 500 keV). About 80% of the total emitted gamma-ray energy is carried by photons with energy in the range of 300-2, 000 keV (with 10% energy by photons with ε < 300 keV, and the remaining 10% by photons with ε > 2, 000 keV). The energy of annihilation lines at 511 keV contributes about 3-5% to the total gamma-ray energy flux. Therefore, 90% of the gamma-ray energy emitted by radioactive nuclides is carried by photons of energy > 300 keV, only 10% is carried by photons of energy < 300 keV. Although the photoelectric absorption has significant effect on the low energy part of the observed photon flux spectrum, its influence on the calculation of the observed gamma-ray luminosity is minor.
To see the contribution of the five decay modes (β − -decay, β + -decay, electron capture, isomeric transition, and α-decay) to the gamma-ray emission, in Fig. 10 we plot separately the photon flux versus the photon energy for photons associated with each decay mode, for the same model in Fig. 7 (at t = 1 day) . We note that, if the energy difference between parent and daughter atoms is larger than 1.022 MeV, positron emission is allowed then the β + -decay can compete and accompany the electron capture, and vice versa. In our data sample, about half of the electron captures are accompanied by β + -decays and almost all the β + -decays are accompanied by electron captures, for which the contribution of β + -decays and electron captures to the photon flux is hard to distinguish. Hence, in Fig. 10 , photon fluxes generated by the β + -decay and the electron capture are shown with one curve (the red curve), which represents the sum of their contributions. We see that, β + -decays and electron captures (ECs) make the biggest contribution to the gamma-ray emission. In terms of the gamma-ray energy power obtained by integration of the energy flux over the photon energy, β + -decays and ECs contribute 66.17% to the total. The next dominant contribution comes from β − -decays, which contribute 30.09% to the total power. Next, isomeric transitions (ITs) contribute 3.69%, and α-decays contribute the least: only 0.05%.
From Fig. 10 we also see that the spectra of photons generated in different decay modes have very different features. The spectrum generated by the EC has a remarkable triple-finger shape, i.e., it has three distinct peaks around 600 keV, 60 keV, and 9 keV, respectively. During an EC process, besides the gamma-rays generated when the daughter nucleus is in an excited state, characteristic X-rays can also be produced when an outer electron fills an inner hole of the atom left by the capture of a K or L electron. A major feature of β + -decays to the photon emission is the generation of electron-positron annihilation lines of 511 keV, which contribute 3-5% to the total energy flux. The spectrum generated by the β − decay has a single prominent peak around 700 keV, and two small bumps around 50 keV and 14 keV. The IT contributes a spectrum that is relatively flat from 8 keV to 700 keV. Emissions produced by the α-decay are dominantly around 15 keV, which makes negligible contri-bution to the total gamma-ray energy generation. Since β + -decays and ECs make the most contribution to the total spectrum, the shape of the total spectrum is more close to that of the EC+β + -decay spectrum. Hence, observation on the gamma-ray spectrum can in principle provide imprtant information about the contribution of each decay mode to the energy generation.
From nuclear physics we know that the occurrence of electron captures sensitively depends on the condition in the medium. To have ECs, there must exist K or L-shell electrons that are very close to the nucleus. Since the radius of a K-shell electron orbit is inversely proportional to the atomic number Z to the first-order approximation, ECs have a higher probability to happen in nuclei with large atomic numbers. In the case of a merger ejecta, after the r-process is finished the ejecta material cools very effectively by expansion, so that the atoms in the ejecta quickly settle into low ionization states (see, e.g., Kasen, Badnell & Barnes 2013 ). The heat generated by subsequent radioactive decays is not able to fully ionized the ejecta gas, due to the fact that the ejecta is mostly composed of very heavy elements with large values of Z and the binding energy of a K-shell electron is roughly proportional to Z 2 . For instance, the K-shell binding energy of 50 Sn is 29.2 keV = 3.4 × 10 8 K, and the K-shell binding energy of 82 Pb is 88.0 keV = 1.0 × 10 9 K (Prussin 2007). The radioactive decay energy cannot heat the merger ejecta to such a high temperature to ionize the K-shell electrons. Although the photoelectric absorption of gamma-ray photons can eject a K or L-shell electron from a nucleus, the vacancy left will be filled by an outer electron almost instantly. Therefore, electron captures should happen effectively in the ejecta of neutron star mergers, at least after the finish of the r-process.
ON THE EFFECT OF DECAY CHAINS
So far, in our calculation of the radioactive decays of nuclides we have assumed that all the nuclides in the sample undergo one-step decays, i.e., parent nuclides directly decay to stable daughter nuclides. This is true for most of the nuclides in the sample. If we treat all nuclides with half-life greater than 50, 000 day as stable since they make negligible contribution to the radiation power, we find that among the 614 daughter nuclides produced by the 614 decay modes in the sample, 383 of them are stable, and the rest 231 are unstable. So, 231 of the daughter nuclides will continue to decay, until at some step stable nuclides are produced. In this section we discuss the effect of these decay chains on the generation of gamma-ray energy in the merger ejecta.
Of Hence, the decay chain of 212 Pb (0+) ends at the stable daughter nuclide 208 Pb (0+). There are in total 404 decay modes for daughter decays contained in the 231 decay chains. The number distribution of the 614 parent decay modes, and of the 231 daughter decays, are listed in Table 2 . Note, here the β + -decay and the electron capture are not strictly distinguished. As explained in the previous section, β + -decays and electron captures always occur competitively for atoms with available energy larger than 1.022 MeV. As a result, many radiation data for electron captures listed in the webpage of NuDat 2 contain radiations from β + -decays, and vice versa. The classifications listed in Table 2 are only according to the classification given by NuDat 2. From Table 2 we see a remarkable fact that the daughter decays contain about three times more α-decays than the parent decays (136 vs 40). Since α-decays are not efficient in producing gamma-ray photons (Fig. 10) , and only about one-third of the parent decays have chain decays, we expect that decay chains will only moderately affect the gamma-ray energy generation in the ejecta. The calculation of the gamma-ray energy generation presented below will confirm this inference.
In Table 3 we list the number distribution of the length of the decay chains contained in the sample. The length of a decay chain is defined as the sum of decay steps contained in the chain. For instance, if X0 decays to a stable X1, the length of the decay chain is equal to one. If X0 decays to X1 then X1 decays to a stable X2, the length of the decay chain is equal to two, etc. When a bifurcation occurs on a decay path, the length counts the total decay steps on both bifurcation branches. However, the decay of the nuclide at the place where a bifurcation occurs is counted only once. For instance, for the decay chain of 212 Pb (0+) cited above, the length of the chain is equal to four for both branches. Figure 11. The gamma-ray energy generation rate in each decay mode produced by radioactive decays in a merger ejecta. The solid curves show the case when the effect of decay chains is ignored. The dotted curves show the case when the effect of decay chains is included. The total energy generation rate in the case without decay chains (the solid black curve) is normalized in the same way as that in Fig. 5 , i.e.,Ėγ = 6 × 10 41 erg s −1 at t = 1 day. The energy generation rates in the IT mode with and without decay chains are almost identical so the magenta solid and dotted curves visually appear indistinguishable. As in Fig. 10 the electron capture and the β + -decay are shown together with red curves.
From Table 3 we see that, most of the decay chains in the sample have their length equal to one or two. The total number of decay chains with length equal to one and two is 559, which is 91% of the total number 614. The total number of decay chains with length equal to one, two and three is 588, which is 96% of the total number. There are only 4% of the decay chains have length larger than three. The mathematical formalism for the calculation of decay chains is presented in Appendix B. With the formalism we have calculated the gamma-ray energy generation rate in the ejecta in each of the five decay modes (EC, β − -decay, β + -decay, IT, and α-decay) with the effect of decay chains being and not being included. The results are shown in Fig. 11 . The results without decay chains are shown with solid lines, while the results with decay chains are shown with dotted lines. We see that, for the total energy generation rate (black solid and dotted lines), the successive chain decays of parent nuclides can enhance the gamma-ray energy production by a factor of ∼ 1.5. In agreement with the result in Fig. 10 , the electron capture and the β ± -decay make the dominant contribution to the total gamma-ray energy generation. Effects of decay chains on the gamma-ray energy generation by the electron capture and the β ± -decay are similar, to enhance the corresponding energy generation by a factor of ∼ 1.5. This agrees with the number count of decay modes in Table 2 : the EC and the β − decay modes contained in daughter decays are roughly 50% of that contained in par- Table 4 . List of the integrated gamma-ray energy generation in each decay mode and the percentage in the total gamma-ray energy generation for models with and without decay chains. e Percentage of the gamma-ray energy generation in each decay mode in the total gamma-ray energy generation, for the model with decay chains. f Ratio of the integrated gamma-ray energy generation in each decay mode in the two models. † Sum of the quantity in each column, except the last which is the ratio of the summed gamma-ray energy in the two models.
ent decays (144 vs 300, and 121 vs 199, respectively). In our model, decay chains have little effect on the generation of the gamma-ray energy by the isomeric transition, which is caused by the fact that daughter decays contain very few isomeric transitions relative to parent decays (1 vs 67). Decay chains have the largest effect on the generation of gammaray energy by the α-decay, with an enhancement factor of ∼ 3, in agreement with the number count for α-decays in Table 2 (136 vs 40). The integrated gamma-ray energy generated in each decay mode can be calculated with equation (B10). The results are shown in Table 4 , which confirm the conclusion that the dominant contribution to the gamma-ray energy generation comes from the electron capture and the β ± -decay, which in combination contribute about 97% to the total gammaray energy generation. When the effect of decay chains is included, the integrated gamma-ray energy generation is increased by a factor of 1.42, in agreement with the result in Fig. 11 . The result in Table 4 also confirms that the largest effect of decay chains on the gamma-ray energy generation is on that produced by the α-decay, which is increased by a factor of three. However, since the α-decay makes negligible contribution to the gamma-ray energy generation, the large enhancement in the number of α-decays has little influence on the total gamma-ray energy generation in the ejecta.
In Fig. 12 we show the distribution of the efficiency in gamma-ray energy generation in each decay mode. The electron capture and the β ± -decay have a similar efficiency distribution. Similar to Figs. 10 and 11 , the efficiency distribution of the electron capture and the β + -decay are shown together, since in the data smaple the distinguishment between the two decay modes is not strict. The isomeric transition has a smaller mean efficiency in generating the gamma- ray energy than the electron capture and the β ± -decay. Not surprisingly, the α-decay has the lowest efficiency in generating the gamma-ray energy.
From the result in this section we see that the chain decay has a moderate effect on the efficiency of radioactive nuclides in producing the gamma-ray energy. Without consideration of decay chains, the average efficiency in producing the gamma-ray energy, defined by the ratio of the integrated gamma-ray energy production to the total mass energy of the radioactive nuclides, is η0 = 4.39×10 −6 . When the effect of decay chains is included in the calculation, the average efficiency becomes η = 6.23 × 10 −6 , which is 1.42 times larger than the η0. However, chain decays are not expected to affect the profile of the gamma-ray light curve and the shape of the continuous gamma-ray spectrum, which are in principle determined by the collective and statistical properties of the radioactive decays in the ejecta. Hence, we expect that the gamma-ray energy generation rate, the luminosity, and the spectrum of the gamma-ray emission calculated in the previous sections are not significantly affected by the presence of decay chains, since these quantities are normalized by the UVOIR peak luminosity of SSS17a/AT2017gfo.
ARE THE GAMMA-RAY EMISSIONS DETECTABLE?
According to the results in Section 6, about 95% of the gamma-ray energy emitted by the radioactive decay in a merger ejecta is carried by photons in the energy range of 160 keV-4 MeV (Fig. 9) . However, plenty number of photons are emitted in the range of 3-160 keV (Figs. 7 and 8) , which contribute only 5% to the total gamma-ray energy but 44% to the total photon number. These low energy photons seri- Figure 13 . The critical time tc as a function of the photon energy. The optical opacity defined by is κ = κ 0 + κpe, where κ 0 ≈ 0.1 cm 2 g −1 and κpe is from the contribution of the photoelectric absorption (see the text). The critical time is related to the opacity by tc ∝ κ 1/2 . Here tc is set to be equal to one day at the high energy end.
ously suffer the photoelectric absorption by heavy atoms in the ejecta. Hence, when we observe the gamma-ray emission from a neutron star merger, we expect that in the early time the spectrum is dominated by MeV photons, while in the late time photons of hundred keV will start to be present in the spectrum. In this section we investigate the observability of the gamma-ray emission from a neutron star merger event similar to that associated with GW170817, which we will call a "typical" merger. Below a few 100 keV, the interaction of gamma-ray photons with matter is dominated by the photoelectric absorption. For proton-rich elements, the opacity of the photoelectric absorption can be larger than that of the Compton scattering by orders of magnitudes for photons of energy 100 keV. From a few 100 keV to about 5 MeV, the opacity is dominated by the Compton scattering. Beyond 5 MeV, the opacity is dominated by pair production in the nuclear field. The total opacity, given by the sum of the opacities for the photoelectric absorption, the Compton scattering, and the pair production, varies very slowly with the photon energy for photons of energy ε 300 keV. Hence, we can approximate the total opacity in the ejecta by κ = κ0 + κpe, where κpe is the opacity arising from the photoelectric absorption, and we take κ0 ≈ 0.1 cm 2 g −1 . Following Hotokezaka et al. (2016) , we take κpe ≈ 2.5 cm 2 g −1 (ε/100 keV) −1.8 for ε < 100 keV, and κpe ≈ 2.5 cm 2 g −1 (ε/100 keV) −2.7 for ε > 100 keV.
Then, by tc ∝ κ 1/2 , we can calculate the variation of the critical timescale tc versus the photon energy. The result is shown in Fig. 13 , where we have assumed that tc = 1 day at the high energy end. We see that for photons of energy a few 100 keV, the critical timescale for the ejecta to become transparent to gamma-ray photons increases quickly Figure 14 . Photon flux spectra of the gamma-ray emission produced by radioactive nuclides in a "typical model" for neutron star mergers. The model is a copy of that used to fit the UVOIR data of SSS17a/AT2017gfo (Sec. 2), which contains two ejecta components (A and B) with parameters listed in Table 1 . For the critical time, we have included the contribution of photoelectric absorption to the opacity (Fig. 13) , and required that the energy flux averaged critical time tc to be equal to the value listed in Table 1 with decreasing photon energy. For instance, if tc ≈ 1 day for a 1 MeV photon, we would have tc ≈ 5 day for a 100 keV photon, and tc ≈ 40 day for a 10 keV photon. This indicates that, in the energy range a few 100 keV, low energy photons appear later than high energy photons. As a result, we expect that in the early spectrum of the gamma-ray emission we would see significant absorption of photons of energy below a few 100 keV. As time goes on low energy photons start to emerge from the ejecta, hence we expect to see more low energy photons in later spectra. In other words, the observed gamma-ray spectra would appear to evolve with time with a feature that the spectrum broadens toward the low energy end as time goes on, while the high energy part of the spectrum has a shape that remains almost invariant with time. This feature is shown in Fig. 14 , where the observed spectra are calculated for the "typical" merger model, i.e., for the same two-component model used in Fig. 6 . In the model, for the component A and B we adopt the parameters (β, tc, andĖγ at t = 1 day) listed in Table 1, which are obtained by fitting the UVOIR data of SSS17a/AT2017gfo. For the energy-dependent critical time tc, we determine its normalization by requiring that the energy flux averaged critical time calculated at a time close to the peak of the gamma-ray emission for each component to be equal to the value listed in 
For component A we take t = 1 day and require that tc = 0.944 day. For component B we take t = 10 day and require that tc = 7.223 day. With this normalization of tc we can reproduce the luminosity curve in Fig. 6 . From the spectra in Fig. 14 we see that, the peak in the energy range of 20-150 keV present in the intrinsic gammaray spectrum (Figs. 7, 8 , and 10) starts to be seen only after t ≈ 5 day. For t 5 day, we can only see the peak in the energy range of 150-3, 000 keV, since photons of low energy are seriously absorbed due to the photoelectric effect. A fraction of the energy absorbed by the ejecta matter may be reemitted as fluorescence line emissions in the X-ray domain, which are not shown in the figure since they only contribute a very small fraction to the total energy emission. We also see that, for t 5 day, a broadened electron-positron annihilation line is clearly seen in the spectrum. This is caused by the fact that after t ≈ 5 day, the emission from the ejecta component B starts to dominate, and the component B has a slower expansion velocity (V = 0.1c) than the component A (V = 0.3c).
In observational gamma-ray astronomy, the photon energy range of 0.2-100 MeV is a field that is largely unexplored, due to huge backgrounds and the big difficulty in building detectors with good sensitivities in this energy range (Nakazawa et al. 2014; Tatischeff et al. 2016) . For example, above 100 MeV over 3,000 steady sources have been discovered by Fermi/LAT (Acero et al. 2015) , and in the range of 14-195 keV over 1,000 sources have been detected by Swift/BAT (Baumgartner et al. 2013) . But in the rage of 0.2-100 MeV only several tens of steady sources have been detected so far by CGRO/COMPTEL (Schönfelder et al. 2000) . However, the astrophysics in the photon energy range 0.2-100 MeV is very rich, including GRBs, blazars, neutron stars, supernovae, etc. To study the spectacular astrophysics in the MeV gamma-ray range, a few missions and telescopes have been launched or proposed, for instance, the e-ASTROGAM space mission (Tatischeff et al. 2016 ) and the satellite-ETCC (Electron-Tracking Compton Experiments; Tanimori et al. 2015) .
To explore the testability of the gamma-ray emission from radioactive decays of neutron-rich nuclides in a neutron star merger, in Fig. 15 we show the energy flux spectra calculated for the same model, and the sensitivity curves of some gamma-ray detectors. The merger is assumed to occur at the same distance as GW170817, i.e., at D = 40 Mpc. To compare with the sensitivity of detectors, the energy flux shown in Fig. 15 has been averaged over a period of time according to
where t0 is the start time of observation, and T is the total observation time (i.e., the total exposure time). The sensitivity curves of detectors are calculated in an effective exposure time 10 5 -10 7 s (Takahashi et al. 2012 ; Tanimori et al. Figure 15. Averaged energy flux spectra of the gamma-ray emission produced by radioactive nuclides in a "typical model" for neutron star mergers. The energy flux spectra are averaged over an observation time 10 5 s (starting from t = 0.6 day, black curve), 10 6 s (from t = 0.5 day, red curve), and 10 7 s (starting from t = 0.5 day, blue curve). Sensitivity curves of some detectors (with 3-σ detection) are shown, including ASTRO-H/(HXI,SGD) (10 5 s, black line), Satellite-ETCC (10 6 s, red line), and e-ASTROGAM (1 yr blue line). The grey shaded region encloses the photon energy range of 0.2-4 MeV, which contains about 94% of the radiated gamma-ray energy.
2015; Tatischeff et al. 2016) . Therefore, in Fig. 15 we show the energy flux spectra averaged for three different values of the exposure time: T = 10 5 s (t0 = 0.6 day), T = 10 6 s (t0 = 0.5 day), and T = 10 7 s (t0 = 0.5 day).
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The gamma-ray detectors shown in Fig. 15 (with 3-σ detection) include ASTRO-H/HXI (5-80 keV, 10 5 s), ASTRO-H/SGD (40-600 keV, 10 5 s), Satellite-ETCC (0.15-20 MeV, 10 6 s), and e-ASTROGAM (0.3 MeV-2.9 GeV, 10 7 s). The sensitivity curves of ASTRO-H/(HXI,SGD) and e-ASTROGAM are taken from Tatischeff et al. (2016) and Takahashi et al. (2012) . The sensitivity curve of Satellite-ETCC is taken from Tanimori et al. (2015) .
From Fig. 15 we see that, for a "typical" merger event like the GW170817, the gamma-ray emissions are about one to two orders of magnitude fainter than the sensitivities of the current gamma-ray detectors. For instance, the spectrum curve shown in red colour has been averaged over an observation time of 10 6 s, consistent with the observation time for the sensitivity curve of Satellite-ETCC. If the gamma-ray emission were brighter by a factor of 10, it would be detectable by Satellite-ETCC (with 3-σ detection). The sensitivity curve of e-ASTROGAM has a longer observation time of 10 7 s. If it is converted to a 10 6 s observation time, the sensitivity curve of the e-ASTROGAM should be moved upward by a factor ∼ 3 (assuming that the detector's flux sensitivity is ∝ T −1/2 ). Then we get that the gamma-ray emission would be detectable by e-ASTROGAM if it were brighter by a factor of 40. The same conclusion can also be obtained by comparing the 10 7 s spectrum curve (in blue colour) to the sensitivity curve of e-ASTROGAM.
The spectrum with a 10 5 s exposure time starting from t = 0.6 day (the black curve) shows a serious absorption feature for photon energy 300 keV. It is below the sensitivity curve of ASTRO-H (now called Hitomi; the sensitivity curve has also an exposure time of 10 5 s) by three orders of magnitude. If it is converted to a 10 6 s observation time, the sensitivity curves of ASTRO-H should be moved downward by a factor ∼ 3. Even with this corrections, the 10 6 s spectrum curve (the red curve) is still under the sensitivity curves of ASTRO-H by about two orders of magnitude. From the figure we see that to detect the gamma-ray emission from a merger effectively, a detector covering the 0.2-4 MeV energy range and having an energy flux threshold 4 × 10 −13 erg cm −2 s −1 in a 10 6 s exposure time would be most desired.
The result shown in Fig. 15 indicates that, to detect the gamma-ray emission from a neutron star merger like the one associated with GW170817 and GRB170817A, the sensitivity of current detectors should be improved by at least one order of magnitude. It is unclear if the merger event associated with GW170817 indeed represents a typical merger event, i.e., if it is not on the faint or the bright end of the merger luminosity function. The GRB170817A associated with GW170817 is extremely faint compared to other short GRBs at cosmological distances, most likely indicating that the GRB emission arises from an off-axis jet (Goldstein et al. 2017; Alexander et al. 2018; Zhang et al. 2018) . Compared to normal short GRBs at cosmological distances, the X-ray and radio emissions of GRB170817A are fainter by a factor of 3,000 and 10, 000 respectively in terms of isotropic luminosities (Fong et al. 2017) . However, after the off-axis effect is taken into account, the derived jet energies and the ambient particle densities are remarkably consistent with those derived for on-axis short GRBs (Alexander et al. 2017; Fong et al. 2017; Margutti et al. 2017) , suggesting that GRB170817A is not intrinsically faint. However, compared to previous claimed kilonovae following short GRBs, the UVOIR luminosity of the kilonovae associated with GW170817/GRB170817A is fainter by a factor of ≈ 3-5, suggesting the existence of a broad range of kilonova luminosities, colours, and timescales (Fong et al. 2017 ).
The occurrence rate density of neutron star mergers is estimated to be ≈ 10 −7 -10 −6 Mpc −3 yr −1 (Abbott et al. 2017a; Jin et al. 2017; Chruslinska et al. 2018 ). The occurrence rate within a spherical volume of radius 40 Mpc is then ≈ 0.03-0.3 yr −1 . So, the detection of GW170817 is already very lucky, to some extent. The merger rate within a volume of radius 10 Mpc would be ≈ 0.0005-0.005 yr −1 , so the chance for detection of a merger event with a distance 10 Mpc would be very low. However, this does not necessarily mean that discovery of a merger event at a very close distance is not possible. For instance, the local rate density of type II supernovae is 4.45 × 10 −5 Mpc −3 yr −1 (Li et al. 2011) , which indicates that the rate of type II supernovae in a volume of radius 51 kpc is only 2.5×10 −8 yr −1 . But we have discovered the SN1987A at a distance of 51 kpc. So, discovery of a neutron star merger at a distance 10 Mpc may not be completely impossible. According to Fig. 15 , the gammaray emissions from a merger event like GW170817 would be detectable with Satellite-ETCC if it occurs at a distance 12 Mpc, and would be detectable with e-ASTROGAM if it occurs at a distance 6 Mpc.
SUMMARY AND CONCLUSIONS
Mergers of neutron stars are expected to produce a subrelativistic ejecta with heavy and unstable nuclei arising from the rapid decompression of the nuclear density medium and the r-process. The radioactive decay of the unstable nuclei provides a long-term energy source for the expanding ejecta. During the initial optically thick stage, an optical transient is produced with a fast evolving brightness and spectrum. The existence of such a transient was solidly verified in 17 August 2017 by the discovery of the optical source SSS17a/AT2017gfo associated with the GW170817/GRB170817A. The comprehensive multiband observation on SSS17a/AT2017gfo revealed that the dominant radiation covers the UV, optical, and near-IR band, with a peak bolometric luminosity ≈ 8 × 10 41 erg s −1 at t ≈ 0.6 day since the merger. All the observed features agree nicely with theoretical predictions, including the fast evolution with time of the luminosity and the spectrum and the thermal feature in the early emissions.
Due to the subrelativistic expansion, the optical depth of the merger ejecta decreases quickly with time. After about a day to a few days from the time of merger, the ejecta is expected to become optically thin to MeV photons and the gamma-ray photons generated inside the ejecta by the continuing radioactive process start to escape without interaction with the ejecta material. Detection and observation on these radioactive gamma-ray photons would be the best approach for directly probing the physical condition and the nuclear process inside the merger ejecta, the physics of the merger process, and be the most robust test for the hypothesis of neutron star mergers as a major site for the formation of heavy and rare elements in the universe.
In this work we have calculated the luminosity and the spectrum of the gamma-ray emission produced by the radioactive decay process of unstable nuclides freshly synthesized in a neutron star merger ejecta. The calculation is based on a model constructed as follows: we extract from the NuDat 2 database at the National Nuclear Data Center a sample of radioactive nuclides which have their half-lives in the range of 0.05-50, 000 day and satisfy some other conditions related to data completeness. We get in total 494 isotopes in 537 energy states that satisfy the conditions. An isotope in a given energy state (determined by a given Jπ value) is treated as an independent nuclide species. This way, we get a sample of 537 nuclide species, each of which has available gamma-ray radiation data. We assume that the nuclides are uniformly distributed in the ejecta, with their relative abundances at time t = 0 determined by a distribution over the lifetime according to a given power-law with a Gaussian deviation. Then, by tracing the decay process of the nuclides, we can calculate the gamma-ray energy generation rate in the ejecta, the luminosity, and the spectrum of the emerging gamma-ray emission.
Assuming that the number of nuclide species in a given interval of lifetime τ is ∝ τ −1.1 , we get a gamma-ray energy generation rate that is approximately ∝ t −1.2 (Fig. 5 ). This result agrees with that obtained by numerical simulations based on the r-process network (Metzger et al. 2010; Korobkin et al. 2012) , and is consistent with the result of model fitting to the UVOIR data of SSS17a/AT2017gfo obtained in Section 2. Therefore, the model that we have constructed is suitable for calculation of the luminosity and spectrum of the radioactive gamma-ray emission produced by a merger ejecta. In our calculation, we determine the absolute magnitude of the abundance of each nuclide species by normalizing the calculated gamma-ray energy generation rate at t = 1 day to a reference value obtained by the model fitting to SSS17a/AT2017gfo (Table 1) . Then the luminosity and the spectrum of the gamma-ray emission are calculated, with the result displayed in Figs. 5-12, 14, and 15.
After fixing the power-law index in the distribution of nuclide abundances over the lifetime, the model contains three independent parameters: the expansion velocity of the ejecta V ; the critical time tc, corresponding to the time when the ejecta becomes optically thin; and the normalization of the gamma-ray energy generation rate, Eγ,1 =Ėγ (t = 1 day). TheĖγ,1 simply affects the amplitudes of the luminosity and the spectrum of the gamma-ray emission. If the value ofĖγ,1 is boosted by a factor of three but the values of V and tc are fixed, for instance, the amplitudes of the luminosity and the spectrum are also boosted by a factor of three. The expansion velocity V has a very small effect on the luminosity, only to the order of V 2 /c 2 if the other two parameters are fixed. However, the value of V can significantly affect the shape of the gamma-ray spectrum through the line broadening effect, which can be clearly seen by comparing Fig. 7 to Fig. 8 . For instance, when V 0.2c, an annihilation line of 511 keV superposed on the continuous spectrum is clearly seen (Fig. 8) . When V 0.3c, the annihilation line is almost completely smeared out by the line broadening effect due to the fast expansion of the ejecta and hence is hardly visible, resulting in a more smooth spectrum (Fig. 7) .
In a more realistic model the opacity in the ejecta can be a function of the photon energy. For photon energy ε 300 keV, the opacity increases quickly with decreasing photon energy, caused by the strong photoelectric absorption of photons by the heavy elements in the ejecta. For ε 300 keV, the opacity varies very slowly with the photon energy and is dominantly contributed by the Compton scattering and the pair production in the nuclear field. As a result, the critical time tc is also a function of the photon energy, implying that low energy photons emerge from the ejecta later than high energy photons. In the model, we require that the energy flux averaged critical time, tc , is equal to the value obtained by fitting the UVOIR data of SSS17a/AT2017gfo where a constant opacity has been assumed. For the gamma-ray emission produced by radioactive decays, about 90% of the total emitted energy is carried by photons with ε 300 keV which are not affected by the photoelectric absorption (Fig. 9) . Hence, the absorption of low energy photons has little effect on the calculation of the energy generation in the merger ejecta and the luminosity of the gamma-ray emission. However, the photon absorption can have important effects on the observed spectrum of the gamma-ray emission, causing that the low energy part of the gamma-ray spectrum is seriously cut off in the early epoch (Figs. 14 and 15) .
From the calculated intrinsic spectrum, i.e., the spectrum without consideration of the effect of optical depth (Figs. 7 and 8) , we see that the emitted photons are clustered in three distinct energy groups: a group with the strongest emission in the range of 150-3, 000 keV, a group with the intermediate strong emission in the range of 20-150 keV, and a group with the weakest emission in the range of 3-20 keV. This is a feature of the emission produced by electron captures, as explained in Section 6. Calculation of the radiation spectrum in each decay mode (Fig. 10 ) reveals that the electron capture and the β + -decay make the dominant contribution to the gamma-ray emission, which is about 65% in the total energy emitted by all decay modes after consideration of the effect of decay chains (Table 4 ). The second dominant contribution comes from the β − -decay, which is about 32%. The remaining 3% radiation comes from the contribution of the α-decay and the isomeric transition. The spectrum of the radiation generated in different decay modes has different shapes. Since the electron capture and the β + -decay make the dominant contribution to the gamma-ray energy generation in the ejecta, the shape of the emerging gamma-ray spectrum is dominantly determined by the radiation produced by the electron capture and the β + -decay. After taking into account the effect of decay chains, we get an avaraged gamma-ray radiation efficiency for the dadioactive decay: η ≈ 6.23 × 10 −6 . This number may have been somewhat underestimated considering the fact that the radiation data in the sample may not be complete. However, the possible incompleteness in the radiation data should not have affected the calculation of the luminosity and the spectrum. The profile and shape of the luminosity and the spectrum are determined by the collective and statistical properties of the gamma-ray radiation by all radioactive nuclides in the sample, which are not seriously affected by the slight data incompleteness. The magnitudes of the luminosity and the spectrum, on the other hand, are normalized by referencing to the corresponding values obtained by fitting the UVOIR data of SSS17a/AT2017gfo.
Inclusion of the β + -decay and the electron capture in the caulculation of the gamma-ray energy generation in a merger ejecta is a major feature distinguishing our model from other existing models based on the r-process network. In other models, the dominant contribution to the gammaray energy generation comes from the β − -decay, or simply the β-decay as often called (see, e.g., Metzger et al. 2010; Korobkin et al. 2012; Hotokezaka et al. 2016 ). In our model, the contribution of the β + -decay and the electron capture (or, the inverse β-decay for simplicity) to the total gammaray energy generation is about twice of the contribution by the β − -decay. As a result, a prominent electron-positron annihilation line can be created in the observed gamma-ray spectrum, which is a critical feature that other models do not have. Detection of strong pair annihilation lines in a neutron star merger will be a solid proof of our model.
To study the detectability of the gamma-ray emission from neutron star mergers, we have calculated the gammaray radiation for a two-component model corresponding to the case of GW170817/GRB170817A. The model contains an ejecta component A and an ejecta component B, with the parameters for each component given in Table 1 where the tc is understood as the energy flux averaged critical time. The calculated gamma-ray luminosity curve for this model is shown in Fig. 6 . The peak of the gamma-ray luminosity, where the major contribution to the emission comes from component A, occurs at t ≈ 1.2 day after the merger. The peak gamma-ray luminosity is ≈ 2 × 10 41 erg s −1 . The contribution of the component B to the luminosity starts to be seen at t ≈ 5 day and dominates in later time. The observable spectra of the gamma-ray emission are calculated and shown in Figs. 14 and 15. The cut-off arising from the photoelectric absorption for photons of energy 300 keV is clearly seen in the very early spectra. When t 5 day, the broadened annihilation line at 511 keV can be clearly seen in the spectra, caused by the fact that then the dominant contribution to the emmission comes from component B which has a slower expansion velocity than component A.
To detect such a "typical" merger event at D = 40 Mpc, we need a detector with an energy flux threshold 4 × 10 −13 erg cm −2 s −1 in the photon energy range of 0.2-4 Mpc, with an exposure time of 10 6 s. The modern advanced gamma-ray detectors, such as Satellite-ETCC and e-ASTROGAM, cover this photon energy range but have sensitivities above the required energy flux threshold by a factor of 10 and 40, respectively. However, if the merger event occurs at a distance 12 Mpc, it would be detectable with Satellite-ETCC. If the merger event occurs at a distance 6 Mpc, it would be detectable with e-ASTROGAM. The probability for detection of a neutron star merger event at such a near distance is very small, but it may not be completely impossible. Of course, the detection probability can be significantly larger for a much brighter merger event (e.g., brighter than SSS17a/AT2017gfo by a factor of 10), whose existence in nature cannot be excluded.
× 1 (1 − β cos θ) 2 β 2 dβ sin θdθ .
Because of the relative motion of the emitter and the observer, special relativity has two effects here. One is the Doppler effect, i.e., the energy of a photon as measured by the remote observer differs from the energy measured at the rest frame of the emitter by a redshift/blueshift factor, as given by equation (A5). The other is the distortion of time given by equations (A3) and (A4), which causes the following outcome: for an element moving toward the observer emitting a photon to the observer, the photon arrives at the observer earlier by ∆t = tβ cos θ ≈ (t obs − D/c)β cos θ, than a photon emitted at the sphere center at the same time. In addition, because of equation (A4), for an emitter moving toward the observer, the photon emission rate is amplified by a factor (1 − β cos θ) −1 ≈ 1 + β cos θ. So, for an emitter moving toward the observer, the emitted photon is blushifted and the emission rate is amplified. For an emitter moving away from the observer, the emitted photon is redshifted and the emission rate is reduced. This can cause a distortion to the observed spectra and the luminosity lightcurve, in addition to the broadening of emission lines.
Define a variable x ≡ β cos θ (then dx = −β sin θdθ), we have 
where α ′ i ≡ (t obs − D/c)/τi. Note that, in equation (A8) we have dropped a minus sign since after variable change we take x to vary from −β to β, rather than from +β to −β.
Equation (A7) indicates that x is related to the observed photon energy, so equation (A8) essentially describes the observed spectrum of photons emitted by the sphere. 
where εi 1 + β ε i,obs εi 1 − β , 0 β β0 .
For the photon number rate measured by the remote observer, we have 
and now the integration range for ε i,obs is from 0 to ∞. Here ϑ(x) is the Heaviside step function. After working out the integration over β, we get 
where 0 < ε i,obs < ∞, and
Yi ≡ β 
where 0 < ε < ∞ and ε is used to denote the observed photon energy. Now let us consider an energy bin from ε to ε + ∆ε in the observer frame and calculate the photon number rate in that energy bin. The result is given by ∆ dNi dt obs = 3Ni,0 4β 
where y ≡ ε i,obs /εi, y1 ≡ ε/εi and y2 = y1 + ∆ε/εi. The integral can be worked out with the exponential integral defined by E1(x) = −Ei(−x) = ∞ 1 e −xs s −1 ds (see, e.g., Abramowitz & Stegun 1965) .
Define y± = (1 ∓ β0) −1 and a function 
Then we get
where I2(a, b) ≡ I2(b) − I2(a).
A2 The radiation power
Similar to the photon number rate, the energy rate defined in the observer frame can be calculated by 
So we have the energy rate in the observed photon energy bin ε-ε + ∆ε given by ∆ dEi dt obs = 3Ni,0εi 4β 
where I1(a, b) ≡ I1(b) − I1(a).
A3 The Newtonian limit
Here we take the limit β < β0 ≪ 1 and ignore all velocity effect except the line broadening due to the Doppler shift. Define x = ε i,obs /εi − 1 (then dx = dε i,obs /εi), −1 x < ∞. Because of the step function in equation (A19), for the value of x that contributes to the integral, we have x 2 (1 + x) 
That is, we have neglected all velocity effects except in the step function. After integration over β from β = 0 to β = β0, we get d dEi dt obs = 3Ni,0εi 4β After integration over x from x = −β0 to x = β0, we get the radiation power in the Newtonian limit dEi dt obs = Ni,0εi τi e
where t = t obs − D/c. Equation ( Figure A1 . Line profile function due to the Doppler effect arising from the uniform expansion of a sphere, where ε is the photon energy in the observer frame, and ε i is the photon energy in the rest frame of line emitter. The expansion velocity of the sphere is assumed to be V = 0.3c. The solid curve is the Newtonian solution, where all velocity effects are ignored except that on line broadening. The dashed, dotted, and dashed-dotted curves are the solutions in the linear velocity approximation, where the effect of special relativity is included up to the linear order of velocity. They are the line profile functions at different moment: t = 0.5τ i (dotted curve), t = τ i (dashed curve), and t = 1.5τ i (dasheddotted curve), where τ i is the mean lifetime of the nuclide which emits the line.
which satisfies the normalization condition 
